Employing a recently developed efficient cellular automaton technique for solving Boltzmann's transport equation for realistic devices, we present a detailed study of the carrier dynamics in GaAs avalanche p-i-n (IMPATT) diodes. We find that the impact ionization in reverse bias p-i-n diodes with ultrathin (less than 50 nm) intrinsic regions is triggered by Zener tunneling rather than by thermal generation. The impact generation of hot carriers occurs mainly in the low-field junction regions rather than in the high field intrinsic zone. The calculations predict significantly more minority carriers on the n-side than on the p-side.
INTRODUCTION
The carrier dynamics in modern nanometer size devices is dominated by hot carrier effects and nonlocal transport phenomena such as tunneling and impact ionization. A realistic prediction and understanding of these effects in real devices that operate at room temperature requires at least the solution of the full semiclassical Boltzmann equation. A few years ago, we have developed a novel method, the Cellular Automaton (CA) approach namely, that provides a computationally efficient scheme for solving Boltzmann's equation in position and momentum phase space [1] [2] .
Since then, we have significantly refined this approach [3] [4] and enhanced its speed and robustness; a detailed review of the present status of the CA method has been given very recently [5] .
The present paper focuses on the application of this scheme to a physically intriguing situation where the carrier .dynamics is highly complex and very far from equilibrium. We present a micro-scopic analysis of the carrier dynamics near avalanche breakdown in GaAs and A1GaAs IMPATT diodes.
THE CA METHOD
We briefly summarize the highlights of the CA method [1] [2] [3] [4] [5] We now consider a GaAs p-i-n diode with a 20 nm intrinsic zone and a carrier concentration of n =p 2x 1018 cm-3. The density in the intrinsic zone is set to n=2 x 1015cm-3. In Figure 3 Fig. 3 ). The thermal generation rate is found to be negligible compared to the tunneling rate for this device geometry. The generated electrons on the n-side get rapidly accelerated by the electric field, move away from the band edge and gain a significant amount of energy. The key point is that the electrons dissipate their excess energy efficiently by impact ionization within the low field depletion region rather than in the high field zone (step (2)). The holes that are generated via these impact ionization processes get accelerated by the field back into and through the whole intrinsic zone. This allows the holes to gain sufficient excess energy so that they induce impact ionization processes already within the/-zone. This ignites the avalanche process (step (3)). The energy of electrons (Fig. 4(a) ) reaches a maximum at the center of the high field zone. There, the electrons loose energy predominantly by impact ionization. Electrons are able to fly a longer distance than holes before they loose energy and pick up a given amount of energy on a shorter trajectory. Therefore, the average electron energy decreases more slowly and extends farther into the depletion region on the n-side than the hole energy does on the p-side.
The same effect can be deduced from the spatially resolved energy loss (Fig. 4(b) ). Figure 4 (c). This figure also includes the number of generated electrons and holes by Zener tunneling. The latter generation process gives a negligible contribution to the current within 0.2 V of breakdown. The higher electron-induced impact ionization rate generates more holes near the i-n junction than the opposite process generates electrons near the p-i region. Therefore, the density of minority carriers is higher on the n-side than on the p-side (Fig. 4(d) ). This effect is enhanced by the higher mobility of electrons that causes them to diffuse out of the p-zone more rapidly. The asymmetry of carrier densities within the high field region that can be seen in Figure 4 (d) is another consequence of the higher impact scattering rate for electrons. The holes that are generated by impact ionization on the n-side get accelerated through the high field region towards the p-zone, leading to the excess density of holes on the p-side. Figure 5 compares the present calculations with the measured current-voltage characteristics for a 20 nm and 50 nm pin diode, respectively. The agreement is seen to be very good. In Figure 6 , we predict the I-V characteristics of 30 nm A1GaAs pi-n structures. Since the energy gap is higher than in GaAs, the impact ionization rate is lower which causes the breakdown voltage to increase and the current density to decrease with increasing A1 concentration. The lower breakdown voltage compared to the 20 nm diode discussed above is caused by the higher doping level of the n and pregions.
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